Hexaaminobenzene (HAB)-derived two-dimensional metal−organic frameworks (MOFs) (Nature Energy 3(2018), [30] [31] [32] [33] [34] [35] [36] have most recently gained remarkable attentions as a novel class of two-dimensional (2D) materials, with outstanding performances for advanced energy storage systems. In the latest experimental advances, Ni-, Co-and Cu-HAB MOFs were synthesized in 2D forms, with high electrical conductivities and capacitances as well.
Introduction
Design and fabrication of advanced energy storage systems, with improved reliability and power density, and faster charging/discharging rates, are currently among the key factors for the success in highly competitive technologies, like; mobile electronics and electric vehicles. Such a continues demand drives the progress of new materials that can improve the efficiency of energy storage systems. Two-dimensional (2D) materials have recently gained remarkable attentions for a wide-range of applications, from post-silicon nanoelectronics, to advanced energy storage systems and structural components. The interests toward the 2D materials was raised, because of the great success of graphene 1, 2 , with a unique combination of ultrahigh mechanical 3 and thermal conduction 4,5 properties outperforming all-known materials and very attractive optical and electronic characteristics [6] [7] [8] . In particular, 2D materials owing to their large surface area, flexibility, desirable mechanical and thermal stability, good electron mobility and fast ionic conductivity, have recently garnered remarkable attention for the application in advanced energy storage systems, such as the rechargeable metal-ion batteries and electrochemical supercapacitors [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Among the various families of 2D materials, nanomembranes with porous atomic lattices, like graphdiyne 19 structures with hybrid sp and sp 2 covalently bonded carbon atoms arranged in various crystalline, exhibit outstanding performances for energy storage applications [20] [21] [22] [23] . Worthy to note that, Matsuoka et al. 24 in 2017 reported the first synthesize of crystalline graphdiyne nanosheets at a gas/liquid or liquid/liquid interface. In contrast with densely packed 2D materials like graphene and MoS 2 , nanosheets with porous atomic lattices like graphdiyne provide easy access to built-in active sites for the electrochemical reactions and metal-ions adsorptions, which are the key factors to enhance the efficiency. On the other side, organic materials are considered among the most promising candidates for energy storage devices, owing to their redox activity, ubiquity and light weight 25 . Metal-organic frameworks (MOFs) in 2D forms with porous atomic lattices,
show one of the most effective platforms for the next generation energy storage systems. In an exciting most recent experimental study by Feng et al. 26 , hexaaminobenzene (HAB)-derived, porous and 2D MOFs were designed and fabricated experimentally. Cu-and Ni-HAB nanosheets were found to exhibit outstanding prospects for the application as supercapacitors, stemming from their excellent chemical stability in both acidic and basic aqueous solutions, high volumetric capacitances and high areal capacitances, highly reversible redox behaviours and good cycling stability 26 . In another latest experimental advance, Co-HAB MOF nanomembranes were for the first time experimentally realized by Park et al. 27 . Interestingly, Co-HAB nanosheets were confirmed to present promising performances a new electrode material for sodium-ion storage, with a high electrical conductivity and extremely high rate capability that outperforms many other organic and inorganic electrode materials for high-power Na-ion storage devices 27 . These latest experimental successes 26, 27 in the fabrication of Co-, Cu-and Ni-HAB nanomembranes, raise the importance of theoretical studies in order to provide understanding of the intrinsic material properties. Now-a-days, theoretical techniques provide the unique opportunities for the researchers to examine new compositions and estimate properties and suggest possible synthesis routes [28] [29] [30] [31] [32] [33] . Motivated by these experimental advances, in this investigation we employed first-principles density functional theory simulations to explore the mechanical, thermal stability and electronic properties of single-layer Ag-, Co-, Cr-, Cu-, Fe-, Mn-, Ni-, Pd-and Rh-HAB MOFs. The acquired results confirm the stability and reveal very attractive properties of this novel class of 2D materials and will hopefully motivate further theoretical and experimental studies.
Computational methods
Spin polarized density functional theory calculations in this work were conducted using the Vienna Ab-initio Simulation Package (VASP) [34] [35] [36] within the Perdew-Burke-Ernzerhof (PBE) functional 37 for the exchange correlation potential. The core electrons are replaced by Projected augmented wave (PAW) method 38 and pseudo-potential approach. A plane-wave cutoff energy of 500 eV was set for the DFT calculations. VESTA 39 package was employed for the graphical presentation of atomic structures. In order to acquire the energy minimized structures, the size of the unit-cell was uniformly changed and then the conjugate gradient method was employed for the geometry optimizations using a 3×3×1
Monkhorst-Pack 40 k-point mesh size. In this case, criteria for the convergence of the energy of electronic self consistence-loop was considered to be 10 -4 eV and for the structural relaxation, the Hellmann-Feynman forces on each atom was taken to be 0.01 eV/Å. To evaluate the electronic band-structure, we used a denser k-point mesh size of 11×11×1.
Mechanical properties were evaluated by performing uniaxial tensile simulations 32 . In order to examine the thermal stability of considered structures, ab-initio molecular dynamics (AIMD) simulations were performed for the hexagonal unit-cells, using the Langevin thermostat with a time step of 1 fs and 2×2×1 k-point mesh size 33 .
Results and discussions
In Fig.1 , energy minimized Ag-, Co-, Cr-, Cu-, Fe-, Mn-, Ni-, Pd-and Rh-HAB monolayers with hexagonal atomic lattices are illustrated. These nanosheets are consisting of a redox-active hexaaminobenzene connected by transition metal atoms. In Table 1 , lattice constants of energy minimized structures along with the important bond lengths in these systems are summarized. As it is clear, the variations in the C-N and C-C bond lengths in different structures are negligible, and maximum differences are 2% and 4%, for C-N and C-C bond lengths, respectively. This way, the differences in the lattice constants of different structures originate mainly from the transition metal atoms-N bonds. In Table 1 , the lattice energies of studied monolayers are also compared. For the convenience of the future studies, the unitcells of energy minimized structures are all given in the supplementary information document. We next explore the mechanical responses of HAB MOFs monolayers on the basis of uniaxial tensile simulations results. In order to investigate the anisotropy in the mechanical properties, uniaxial tensile simulations were conducted along the armchair and zigzag directions, in analogy to graphene (as specified in Fig. 1 ). For the uniaxial tensile simulations, the periodic simulation box size along the loading direction was increased gradually with a fixed engineering strain increment. To ensure the satisfaction of uniaxial stress-conditions, the simulation box size along the sheet perpendicular direction of loading was altered to reach a negligible stress 32 . According to our results, Ag-and Cu-HAB were found to exhibit elastic instability with Poisson's ratios over 0.5, so we could not evaluate their mechanical properties. On the other side, the rest of considered nanosheets show elastic stability, with very similar trends in their uniaxial stress-strain curves. In Fig. 2 , the first-principles results for the uniaxial stress-strain responses of single-layer Co-, Rh-and Pd-HAB elongated along the zigzag and armchair directions are compared. As it is clear, all predicted uniaxial stressstrain curves clearly exhibit initial linear responses, corresponding to the linear elasticity and elastic modulus. Observation of linear elasticity confirms that despite of the porous atomic lattices of transition metal-HAB monolayers, from the early stages of loading their deformation are mainly achieved by the bond-elongation rather than structural deflection.
Moreover, for the uniaxial loading along the armchair and zigzag directions, the stress-strain relations match very closely initially, thus suggesting the convincingly isotropic elastic responses along these monolayers. Within the elastic range and at initial strain levels, the strain along the traverse direction of loading (ɛ t ) with respect to the loading strain (ɛ l ) is constant and can be used to evaluate the Poisson's ratio, using:˗ɛ t /ɛ l Another important mechanical characteristics of a material are the ultimate tensile strength and its corresponding strain, which defines the stretchability of a material. According to our results, all studied monolayers were found to yield higher tensile strengths along the armchair direction than the zigzag direction. Nevertheless, stretchability of these monolayers are considerably close for different loading directions. In Table 2 , the mechanical properties of Co-, Cr-, Fe-, Mn-, Ni-, Pd-and Rh-HAB monolayers along the armchair and zigzag directions are summarized. As it is clear, among the studied nanomembranes, Co-HAB is the strongest material and Cr-HAB when stretched along the zigzag shows the minimum rigidity and strength as well. In addition, Cr-HAB and Rh-HAB exhibit the highest anisotropy ratio in tensile strengths, in contrast with Mn-HAB and Pd-HAB nanosheets in which the tensile strengths are very close along different loading directions. Interestingly, despite of the porous atomic lattices in metal-HAB nanosheets, their elastic modulus and tensile strengths are comparable or even higher than some other densely packed 2D materials, like; germanene and stanene 41 .
To better understand the failure mechanism of considered metal-HAB nanosheets, we consider the structures after the tensile strength point. In Fig. 3 top views of Co-, Fe-, Mnand Pd-HAB monolayers elongated along the armchair and zigzag directions are illustrated.
We found that for the all monolayers along the both loading directions, the failure always initiates by the breakage of metal-N bonds. This observation highlights that the elongation of metal-N bonds dominates the mechanical responses of metal-HAB monolayers. During the uniaxial loading, basically the bonds oriented along the loading direction stretch, whereas as a results of the sheet shrinkage along the width, the lengths of bonds oriented along the perpendicular direction of loading may contract or only slightly change. To investigate the thermal stability of these novel 2D systems, we conducted the AIMD calculations at 1000 K. The simulations were performed for 15 ps and top and side views of the studied nanomembranes are depicted in Fig. 4 . Interestingly, as it can be concluded from the results shown in Fig. 4 , all considered nanosheets could stay intact at the high temperature of 1000 K, which confirm their remarkable thermal stability. Nevertheless, our simulations at the higher temperature of 2000 K, reveal the fast disintegration of these nanosheets. To explore electrical features of transition metal-HAB nanosheets, the density of states (DOS) were calculated and shown in Fig. 5 . For Ag-, Cu-, Cr-, Co-, Mn-and Fe-HAB monolayers spin splitting of DOS around Fermi energy is observable due to the strong hybridization of transition metal 3d orbital with 2s and 2p orbitals of nitrogen atoms. For these nanosheets, our calculations show the ferromagnetic (FM) phase is more stable than nonmagnetic (NM) phase. The spin splitting in these systems leads to spin polarization and magnetization which are given in Table 3 . The magnetization, M, and the spin polarization, P, are defined as follows:
where N ↑ , N ↓ , N Ef ↑ and N Ef ↓ represent the total number of electrons of majority spin, total number of electrons of minority spin, the density of states of majority spin (spin up) and minority spin (spin down) at the Fermi level, respectively. Our results show that the Ag-, Cu-, Cr and Mn-HAB monolayers are half-metallic ferromagnetic systems with 100% spin polarization, because they act as a conductor to electrons of one spin orientation but as a semiconductor to those of the opposite orientation. In these half-metal systems, the valence band for one spin orientation is partially filled, while there is a gap in the density of states for the other spin orientation. We have also calculated entire system magnetic moment and partial magnetic moments of each magnetic atoms. 
Concluding remarks
In recent experimental advances, hexaaminobenzene (HAB)-derived two-dimensional metal−organic frameworks were synthesized, with excellent application prospects for 
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